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Cracking due to corrosion in bed joint reinforcement over openings inmasonry facades in the Scandinavian
post-war building stock generates increasing retrofitting needs. Removal of the reinforcement can be both
costly and labor intensive. The results of retrofitting works are often sub-optimal due to casual inspection
practices and lack of knowledge concerning the actual corrosion damage. The objective of the presented
research is to increase knowledge about physical factors influencing corrosion of bed joint reinforcement.
The research includes a field survey by ocular examination of cracking and decay related to corrosion of
reinforcement in joints above openings, and a subsequent laboratory examination of reinforcement
extracted from the surveyed buildings. The investigation shows a strong dependence of crack formation
on the corrosion depth of the embedded reinforcement. In turn, the corrosion depth is mainly influenced
bymoisture content and temperature in the façade, two factors related to geographic location, orientation
and height above ground. The number of reinforcement bars in the joints has also a large influence on the
crack frequency. It is suggested that a practice orientedmodel able to predict timeuntil cracking,withmois-
ture content and temperature asmain factors,would bepossible to developwith corrosionmodels from the
field of concrete and the empirical data from the present research as a basis.
 2016 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction and objectives
1.1. Short historic background
Load bearing reinforced clay brick masonry was a frequently
used technology in residential, commercial and public buildings
raised in the Scandinavian countries during the period 1940–
1975. The gross façade area consisting of clay brick masonry of
the mentioned type is estimated to 80 million m2 in Sweden only
[1]. The reinforcement bars, consisting of unprotected carbon steel
or galvanized carbon steel, were mainly placed in the bed joints
above windows and doors to bridge these openings by means ofbeam action. Brick veneer walls were reinforced according to the
same principles. The placement of the reinforcement in load bear-
ing clay brick walls and brick veneer walls is shown in Fig. 1. In
order to further strengthen the wall sections, reinforcement was
sometimes also placed in the bed joints below windows and con-
tinuously in the entire wall. Generally, bed joint reinforcement
was used also when this was not required from a structural point
of view – in many cases window and door openings could have
been bridged by arching action, thus making the bed joint
reinforcement superfluous.
The use of reinforcement consisting of unprotected carbon steel
or galvanized carbon steel was motivated by the erroneous
assumption that lime-cement mortars could provide permanent
chemical protection against corrosion [2,3]. Today, brick façades
from the period before 1975 are often affected by corrosion related
Fig. 1. Wall sections with corroding bed joint reinforcement: a) faced single leaf
brick wall; b) brick veneer.
Fig. 2. Retrofitting of window beam with corroding bed joint reinforcement.
Fig. 3. Repointed bed joint that cracked due to further corrosion of the
reinforcement.
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with corrosion of masonry reinforcement increased [7–9] and
subsequently more strict design recommendations regarding
durability of reinforced masonry have been introduced in many
West-European countries [10–12]. Nevertheless, in the building
practice, inadequately protected carbon steel reinforcement was
still used in exposed façades more than a decade after the intro-
duction of more restrictive regulations, which explains the occur-
rence of corrosion damage also in masonry façades built during
the 1980’s [6].
Cracks formed in bed joints containing corroding reinforcement
can impair aesthetics and increase moisture up-take with associ-
ated proneness to frost damage, microbiologic growth and
increased heat loss, see Fig. 2. In advanced stages of corrosion,
the load bearing capacity of masonry beams may also be affected
[8]. As the post-war building stock contains many culturally
valuable masonry buildings, there is an increased interest in
development of lenient retrofitting techniques [13].1.2. Current retrofitting practices
In order to stop further corrosion related damage, the corroding
bed joint reinforcement is usually removed and, when necessary,
replaced by reinforcement of stainless steel. As a basis for decision
making concerning retrofitting measures, cracked bed joints are
identified by ocular inspection of the façade. In most cases, no
further assessments or analyses are carried out, e.g. regarding the
condition of the reinforcement or the expected development of
corrosion related cracking [1,16].
The extent of retrofitting varies between partial to total removal
of the reinforcement from cracked bed joints or from the entire
façade. In some cases, only repointing of cracked bed joints is
carried out, without removal of any reinforcement. If the corroding
reinforcement is not removed, the new bed joints will crack in a
few years thus making such a measure inefficient, see Fig. 3. The
final choice of retrofitting strategy is influenced by factors such
as: a) the extent of cracking in the façade – if the proportion of
cracked bed joints is considered low, partial retrofitting is pre-
ferred while total retrofitting is often preferred when cracking is
extensive; b) the competence of the client, of the building contrac-
tor or, if involved, of the technical consultant; c) the economic
situation of the client; d) concerns regarding increased moisture
content in the external walls with associated problems. In either
case, façade retrofitting projects are costly, since scaffolding has
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is tedious. Especially reinforcement placed deeper into the bed
joint is difficult to remove. Façade retrofitting is also associated
with acoustic disturbance and destruction of hedges and flower
beds.
Although removal of corroding reinforcement from clay brick
façades is a rational retrofitting measure in itself, it can be argued
that the described practices might give sub-optimal results from
both a technical and an economic point of view. If only reinforce-
ment from already cracked joints or easily accessible bars are
removed, new cracks may occur within a few years due to further
corrosion of the reinforcement left in the bed joints. Considering
the high initial costs associated with the start-up of a retrofitting
project, repeated frequent retrofitting operations may increase life
cycle costs. In addition, dwellers will be exposed to additional
acoustic disturbance. On the other hand, if reinforcement that will
not generate cracks is removed, retrofitting can be unnecessarily
intrusive.
Shortcomings in present retrofitting practice might be due to
limited knowledge concerning corrosion of bed joint reinforcement
in masonry. Whereas corrosion of masonry anchorages such as ties
and shelf angles is readily described in the literature [14,15],
knowledge concerning corrosion of bed joint reinforcement and
its effect on deterioration of brick masonry are scarce.
The corrosion process in reinforced masonry has similarities
with corrosion in reinforced concrete structures, since the rein-
forcement is surrounded by a cementitious material in both struc-
ture types. Extensive literature exists describing the nature of
corrosion and the underlying reasons for concrete structures [18–
22]. The main factors influencing the corrosion process in rein-
forced concrete are concrete resistivity, which depends on mois-
ture content and temperature, oxygen availability, concrete cover
and metal properties [21]. Corrosion in masonry structures should
be influenced by the same factors, however additional parameters
such as cover depth and incomplete embedment may affect the
corrosion process in reinforced masonry.1.3. Objectives
The purpose of the work presented in this article is to con-
tribute to a better understanding of corrosion induced cracking
in brick masonry. The article presents: 1) findings of a field survey
carried out in Southern Sweden, showing prevalence of corrosionTable 1
Details for the surveyed sites.
Site no. Name City (coordinates)
1 Bornholm Malmö (N5535036, E1258048)
2 V-huset Lund (N5542045, E1312041)
3 Vildanden Lund (N5542034, E1310009)
Table 2
Crack frequency in window beams as a function of wall orientation.
Site.building Crack frequency (%)
North E
1.1 30 5
1.2 – –
2.1 – 1
2.2 – 3
2.3 17 –
3.1 – 9
3.2 – 8related cracking in window beams in load bearing brick façades
and brick veneer walls; 2) findings of a laboratory study concern-
ing the corrosion depth in bed joint reinforcement collected from
field study objects; 3) an analysis of the potential for future
research in the field of masonry reinforcement corrosion, with
the objective to contribute to the development of knowledge based
and effective retrofitting strategies.2. Field survey of crack frequency
Sites on various locations in Southern Sweden were considered
for the field survey. The choice of the geographic area is motivated
by the researchers’ affiliation to Lund University, located in South-
ern Sweden. Three sites were selected based on visible signs of
cracked window beams, wall type (load-bearing or veneer) and
due to the fact that the site was in line for retrofitting. The last cri-
terion is usually the most limiting, since acoustic disturbance, pro-
duction of rubble and liability considerations make most building
owners reluctant to allow collection of reinforcement from build-
ings in use. The time span for carrying out research projects, usu-
ally three-four years, (in the present case 2014–2016), is a
further limitation.
The first of the selected sites is a condominium, the second a
university campus complex and the third a students’ housing com-
plex. The buildings in the studied sites had four to five stories, see
Table 1 for more details. The climate in the geographical area is
coastal, with a yearly average air temperature of 9 C, an average
air relative humidity of 80% and dominant wind direction south-
west. The average amount of driving rain is 280 mm/year at site
1 and 350 mm/year at sites 2–3.
2.1. Method
The survey was performed by visual inspection from scaffold-
ings raised in connection to retrofitting including repointing of
the entire façade, removal of bed joint reinforcement from window
beams and in some cases shifting to windows with superior energy
performance. The visual inspection was focused on determining
the crack frequency above the openings, in order to obtain a mea-
sure of the damage related to expansion of the corrosion products.
Crack frequency is here defined as the number of window beams
with cracked bed joints related to the total number of window
beams. It was anticipated that height above ground level mightMeters above sea level Constr. year Wall type
10 1953 Load-bearing mas.
70 1967 Load-bearing mas.
40 1966 Brick veneer
ast South West
7 47 –
32 –
6 – 15
3 – 47
80 –
7 94 –
3 89 87
Fig. 5. Crack development as a function of wall orientation and time – Trelleborg
[1].
778 M. Molnár, O. Larsson Ivanov / Construction and Building Materials 125 (2016) 775–783influence the corrosion process, mainly due to larger amounts of
driving rain caused by larger wind pressures. For this reason, also
the vertical position relative to the ground level of cracked window
beams was registered during the field survey. In connection to the
visual inspection, reinforcement bars at selected positions were
extracted, from both cracked and un-cracked joints, for laboratory
analyses of corrosion damage, see Section 3.
2.2. Results and analysis
2.2.1. General
The geometrical conditions of the openings in the field survey
objects show that the self-weight of the masonry superstructure
can be accommodated by arching action and the bed joint rein-
forcement is thus superfluous from a structural point of view. Typ-
ically, the window openings had a length between 0.9 and 1.9 m
and a superstructure with height between 0.7 and 1.0 m, which
fulfills the requirements to bridge openings by arching action. Nev-
ertheless, during the period 1940–1975 application of bed joint
reinforcement was considered as a necessary precaution measure.
Later, pre-stressed brick lintels were introduced on a large scale in
the Nordic countries, with the effect that practitioners in most
cases relinquished from using bed joint reinforcement where
openings could safely be bridged by arching action.
2.2.2. The effect of wall orientation
In the load-bearing walls, crack frequency varies between 15
and 80%, which can be seen in Table 2 where results from the field
survey are summarized as crack frequencies versus wall orienta-
tion. Corrosion related cracking is most frequent in walls oriented
to south and west, which can be related to the predominant direc-
tion of the driving rain. Also walls oriented towards east exhibit
high percentage of cracked window beams, in spite of low amounts
of driving rain. Lowest crack frequency is observed in walls ori-
ented towards north, which seems to be due to low amounts of
driving rain and low wall temperatures, see Fig. 4. Crack frequency
varies greatly within buildings belonging to the same site, which is
most obviously seen in the case of site 2. Given the fact that expo-
sure to climate conditions is in practice identical, the observed
variability might depend upon differences in mortar properties
and craftsmanship.
The brick veneers of site 3 exhibit a higher crack frequency
compared to the load-bearing walls of site 1 and 2. This result is
in line with the expectations, since the up-lifting forces from cor-
roding bars are expected to be largest close to the weather exposed
surface of the façade and a veneer with thickness 120 mm poses
less resistance to cracking than a massive load-bearing wall with
thickness 360 mm. After almost 50 years of exposure, crackFig. 4. The effect of wall orientation on crack frequency in the load-bearing walls of
site 1 and 2.frequency is in the range 85–100%, close to encompassing all win-
dow beams containing bed joint reinforcement.
The findings at site 3 in the present study are in line with results
presented in [1], where crack frequency in brick veneers at a site in
the city of Trelleborg, Southern Sweden, was studied 32 and
37 years after erection respectively. After 32 years, crack frequency
in veneers facing North and East was in the range 35–40% com-
pared to 70–90% in veneers facing South and West. The findings
from Trelleborg [1] indicate that orientation does have a sizeable
influence on corrosion related crack development in window
beams after 3 decades of exposure. After 5 additional years, i.e.
37 years after the erection of the veneers, crack frequency
increased to 80–100% in veneers facing North and East and to
100% in veneers facing South and West, see Fig. 5. These levels of
crack frequency are very close to those observed at site 3 in the
present study, see Fig. 6.
Eventually, it can be anticipated that during the first three-four
decades, crack frequency in brick veneers can exhibit a strong
dependency on orientation. After 4–5 decades of exposure to
climate conditions similar to those prevailing in Southern Sweden,
bed joint reinforcement of carbon steel embedded in brick veneers
will cause corrosion related cracking with a frequency close to
100% – irrespective the orientation of the walls.
2.2.3. The effect of height above ground level
Corrosion related cracking in window beams exhibits, in most
cases, an increasing frequency with increasing height above
ground level. Crack frequencies as a function of vertical position
relative to the ground level are presented in Table 3 and Fig. 7.Fig. 6. Crack development in the brick veneers of site 3 from the present study and
Trelleborg [1].
Table 3
Crack frequency in window beams as a function of vertical position.
Site.building Crack frequency (%)
Story I Story II Story III Story IV Story V
1.1 41 30 32 50 0a
1.2 20 20 60 60 0a
2.1 3 8 5 14 45
2.2 22 38 23 78 –
2.3 12 57 93 – –
3.1 86 100 100 100 86
3.2 71 100 100 100 45
a Protected from driving rain by roof overhang.
Fig. 7. Effect of height on crack frequency in the load-bearing walls of site 1 and 2.
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3.3 m. This finding indicates that increased height above ground
level, and thus moisture content due to driving rain, might play a
significant role in reinforcement corrosion.
Parts of the façades protected by an overhang, such as the
window beams situated at the uppermost story of site 1, exhibit
no cracking at all. This further indicates the large influence of mois-
ture content and temperature on corrosion related cracking, since
the overhang will reduce the amount of driving rain on the façade
and provide shading. This will reduce both the moisture content
and temperature in the wall.
Somewhat surprisingly, the window beams situated at the
uppermost story of site 3 did exhibit lower crack frequency than
stories lower down. The phenomenon might be explained by
complicated air flow patterns generated by the building geometry
or site location. However, this study cannot present any explana-
tions at the moment. Studies encompassing more objects located
at various locations are needed.3. Laboratory study of reinforcement corrosion
For the laboratory study, reinforcement bars were extracted
from 75 window beams at selected positions at site 1–3. At site
1, the selected window beams were vertically aligned and
contained both un-cracked and cracked joints. At sites 2 and 3, only
reinforcement bars from un-cracked window beams were consid-
ered for laboratory analyses. A pilot study carried out at site 2
showed that reinforcement bars collected from window beams
with cracks wider than 0.2 mm were severely corroded. In most
of the cases, neither evaluation of the initial diameter nor of the
type of the bars was possible. Hence it was decided not to collectreinforcement bars from joints exhibiting cracks wider than
0.2 mm.
3.1. Method
The reinforcement bars were extracted by drilling holes and
cutting chases in the first bed joint above the window opening.
Removal of reinforcement bars from bed joints is an intrusive pro-
cess afflicted by vibrations and production of dust. The harder the
mortar, the more tedious is the removal of the reinforcement. Con-
sequently, in walls built with hard mortars, the risk of uninten-
tional damage to the bars and the surrounding bricks is high,
which puts limitations to the evaluation of the corrosion damage
by weighing.
The number of bars and the position of the reinforcement
relative to the outer surface of the façade were registered. After
an ocular inspection, representative parties of each bar were
divided in 3 specimens with a length of 300 mm each. The speci-
mens were cleaned in laboratory according to [17], procedure
C.3.1, implying both mechanical and chemical cleaning. The speci-
mens were first coarsely cleaned with a steel brush to remove all
loose material. Further cleansing was made by immersing the
specimens in a solution consisting of water, hydrochloric acid,
and hexamethylenetetramine for 10 min, followed by water rins-
ing and brushing. This cleansing cycle was repeated until concrete
and hard corrosion products adhering to the bars were removed so
that the bar diameter was deemed possible to be measured with
enough accuracy.
Eight measuring points, preferentially located equidistantly,
were selected along each specimen. The measurements of bar
diameter where performed by using a Vernier caliper. The mea-
surements were repeated three times for every measuring point,
where after the average value and the coefficient of variation were
selected as representative measures of the bar diameter. The
diameter measurements could be carried out with a resolution of
0.01 mm. The coefficient of variation of the diameter measure-
ments at individual measurement points was between 0.1 and
0.5%, indicating that the precision of the measurement method is
good.
Considering the fact that no documented information could be
found about the initial geometry of the reinforcement bars, the
corrosion depth was calculated departing from an estimated initial
diameter. As a base for these estimations, measurements of speci-
mens from protected positions such as window beams protected
by overhangs and historic product data available in archives was
used. At protected positions, reinforcement parts of a length up
to 200 mm could exhibit no traces of corrosion at all. Nevertheless,
due to the large uncertainty concerning the initial diameter, the
accuracy of the corrosion depth estimations might be low. Keeping
this circumstance in mind, results from this field study involving
50–60 years old real life buildings can still be seen as a valuable
Fig. 8. Reinforcement bar exhibiting non-uniform corrosion – the left hand side is
heavily corroded while the central part is less affected.
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on the corrosion process.Fig. 9. Crack frequency in window beams as a function of the average corrosion
depth registered in walls with different orientations.3.2. Results and analysis
3.2.1. General observations
The reinforcement obtained from the brick veneers of site 3
were heavily corroded, with losses of the cross sectional area
between 70 and 80%. Bearing in mind the large uncertainty con-
cerning the initial bar diameter, it was therefore concluded that
no reasonable evaluation of the corrosion depth was possible to
carry out. Hence, no further examinations were carried out on sam-
ples from site 3.
Both the ocular inspection of the extracted bars and the subse-
quent measurement of the corrosion depth on the cleaned bars
show that the corrosion is highly non-uniform, see Fig. 8. Within
the same bar, heavily corroded regions with cross sectional area
losses of up to 40% alternate with regions barely affected by corro-
sion. Besides loss of cross sectional area sizeable through measure-
ments of the bar diameter, the ocular inspection disclosed loss of
steel from pits and worn ribs.
The bed joint reinforcement used within the same building var-
ied between 2 and 5 different types of bars. The reinforcement bars
differed concerning form (circular or elliptical), cross sectional area
(diameter) and number of ribs. Generally, on the same story, the
same type of bar was found, which indicates that the reinforce-
ment was procured gradually as the building was raised. This
assumed behavior is in line with the conception that masonry
construction during the first decades after the WWII still was a tra-
ditional handcraft.
Further observations supporting the above mentioned concep-
tion are: a) placement of the reinforcement bars directly on the
bricks, making adequate embedding in mortar difficult; b)
misalignment of the bars by placing them askew; c) not using
the stipulated number of bars, which normally was two bars in
both veneer walls and in the external 120 mm of massive walls.
In the present study, the window beams in the buildings of site 2
contained only one reinforcement bar. This fact might explain
the somewhat lower crack frequency observed at site 2 (one bar
– gross average crack frequency 37%) compared to site 1 (two bars
– gross average crack frequency 44%), since the total amount ofTable 4
Average corrosion depth xcorr (mm) with corresponding crack frequency in window beam
Site.building xcorr (mm) (crack frequency in %)
North East
1.1 0.26(30) 0.42
1.2 – –
2.1a – 0.72
2.2a – –
2.3a 0.48(17) –
a The window beams of site 2 contained only one bar instead of the stipulated numbreinforcement that can corrode is lower thus causing less expan-
sion and thus lower total pressure that can contribute to cracking.
3.2.2. Corrosion depth
The results of the corrosion depth estimations for site 1 and site
2 are presented in Table 4, as average corrosion depths values for
bars originating from walls with the same orientation. The corre-
sponding crack frequencies observed during the ocular inspection
presented in Section 2 are shown in parentheses; see also Fig. 9
for a visual presentation of these relations. The average corrosion
depth registered at site 1 was between 0.2 and 0.5 mm, while
the corresponding interval for site 2 was between 0.5 and
0.9 mm. The higher levels of corrosion depth at site 2 might mainly
depend on 25% larger amount of driving rain.
From Fig. 9 it can be seen that crack frequency in the window
beams of site 1 is generally higher than that observed at site 2,
in spite of lower corrosion depths. This indicates that the splitting
effect from two corroding reinforcement bars might be signifi-
cantly larger than that from one bar. A further plausible explana-
tion of the phenomenon might be the negative effect of placing
reinforcement bars in the bed joints on the bond strength between
the bed joint and the bricks. Increasing number of reinforcement
bars that have to be placed in the limited space in a bed joint might
create difficulties for the brick layer to fill the bed joints with
mortar.
When looking specifically at the results from the individual
sites, the results from site 1 indicate that a threshold of the corro-
sion depth needed to initiate cracking might exist. The results from
site 1 are presented in Table 5 and Fig. 10, where the interdepen-
dence between the average corrosion depth and crack frequency
as a function of the wall orientation and the vertical position is
shown. It can be seen in the results that for the present case, the
corrosion depth threshold is approximately 0.2 mm. Fig. 9 indi-
cates further that there is a linear dependency between corrosion
depth and crack frequency.s as a function of wall orientation.
South West
(57) 0.34(47) –
0.28(32) –
(16) – 0.76(15)
– –
0.89(80) –
er which normally is two.
Table 5
Average corrosion depths xcorr (mm) and corresponding crack frequency (%) in parenthesis for site 1 as a function of wall orientation and vertical position.
Story Site 1.1 Site 1.2
North East South South
I 0.24 (57) – 0.53 (29) 0.15 (20)
II 0.23 (29) 0.22 (29) 0.25 (35) 0.27 (20)
III 0.28 (21) 0.41 (29) 0.40 (47) 0.44 (60)
IV 0.29 (14) 0.36 (71) 0.34 (76) 0.49 (60)
V – 0.55 (86) 0.18a (0) 0.06a (0)
VI – 0.57 (71) – –
a Protected from driving rain and direct solar radiation by roof overhang.
Fig. 10. Crack frequency in window beams as a function of the average corrosion
depth registered in walls with different orientation and at different vertical
positions.
Fig. 11. Corrosion depths observed at object 1.2 as function of the story height and
the position of the reinforcement bars in relation to the outer surface of the façade.
Story V is sheltered from driving rain by a roof overhang.
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initiate cracking is further underpinned by the findings at object
1.2, see Fig. 11. Here, the corrosion depth is shown individually
for reinforcement bars situated at different positions in relation
to the outer surface of the façade. The reinforcement bars were
extracted from windows that are aligned vertically in a façade fac-
ing south. This figure indicates that cracking may start when the
corrosion depth exceeds 0.3 mm, which is a similar level as in
the previous results from Fig. 10 showing that a certain corrosion
depth is needed for cracking to occur.
From Fig. 11 it can also be anticipated that for an un-cracked
joint, the placement of the reinforcement has limited impact on
the corrosion progress, since the level of corrosion is quite similar
for bars placed closer to the surface and for bars placed further intothe wall. From Fig. 11 it can further be seen, that for a cracked joint,
the outer reinforcement is more corroded than the inner. This is
possibly due to the increased availability to moisture and oxygen
for the outer bar due to the formed crack. Note that for story V,
the outer bar is less corroded than the inner. Here the roof over-
hang has a large influence on the results, as it shelters the window
beams from driving rain.4. Discussion
The studies in the present research reveal that wall orientation
and height about ground level influence corrosion depth. This indi-
cates that moisture content and temperature in the vicinity of the
reinforcement are significant parameters influencing corrosion.
This conclusion is further confirmed by the fact that rebars
extracted from shaded locations protected from driving rain exhi-
bit significantly lower levels of corrosion depth than rebars
exposed to driving rain and higher temperatures.
The field study and the subsequent laboratory study reveal that
there is a clear connection between the corrosion depth on rein-
forcement bars and crack frequency that can be observed in win-
dow beams in clay brick facades. It can also be anticipated that
there is a certain threshold level of the corrosion depth that is
needed to initiate cracking of reinforced bed joints. This result
seems logical since corrosion related cracking is initiated by an
uplifting force caused by corrosion products whose volume has
been found to vary between 2 and 6 times of the initial volume
of the steel [23]. The ability of the surrounding mortar to absorb
the corrosion products should also have an influence on the mag-
nitude of the uplifting forces. Lower crack frequency observed in
window beams containing only one reinforcement bar compared
to the customary number of two bars further indicates the role
of the uplifting forces on crack initiation.
The significance of these conclusions is however limited by the
low number of studied cases. Furthermore, in the field studies it
was not possible to assess neither the impact of mortar-unit bond
strength nor of the quality of the rebar embedment on reinforce-
ment corrosion and crack initiation – two parameters that signifi-
cantly influence corrosion related cracking of reinforced concrete
[20,24]. The hygro-thermal properties of the masonry walls in
the surveyed object were not determined, although these proper-
ties also are believed to influence corrosion. Future research can
shed light on the impact of these parameters.
In spite of the considerable spread in the observed crack fre-
quency and corrosion depth and the large uncertainty regarding
many significant parameters influencing the corrosion and crack
initiation processes, a couple of the findings in the present work
may have the potential to improve present retrofitting practices.
One important observation in the results is that, in faced single leaf
brick walls, cracking in bed joints containing only one reinforce-
ment bar instead of two bars starts at corrosion depths that are
2–3 times higher, as is the case of site 2 (Fig. 9). This indicates that
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retrofitting is desirable.
If a threshold for the onset of cracking can be identified, a risk
based decision can be made concerning the intrusiveness of the
works. Bed joint reinforcement at window beams protected from
driving rain might be left in place if the actual level of corrosion
depth is below the mentioned threshold. In window beams
exposed to driving rain, it is possible to remove only the outer rein-
forcement bar and leave the inner bar in place. In both scenarios
the retrofitting costs are lowered. The residual time until the bars
left in place reach the threshold level for massive onset of cracking
is however difficult to predict at the present stage of knowledge. It
can further be argued that the experimental evidence is limited,
which points out the need for further research.
Studies of reinforcement corrosion in brick veneers exposed to
climate conditions prevailing in Southern Sweden show that after
4–5 decades bed joint reinforcement can be heavily corroded and
crack frequency approaches 100%. Under such circumstances,
removal of all corroded reinforcement during retrofitting seems
motivated.5. Potential for future research
The analyses presented in Sections 2 and 3 indicate that a pos-
sibility to predict the evolution of corrosion depth would be valu-
able for estimating crack development. Models for predicting
corrosion damage in reinforced concrete structures could be used
as a basis for the development of a model for reinforcement corro-
sion in masonry, since the nature of the two processes are similar.
Examples of such models concerning concrete structures can be
found in e.g. [18,19,22], with moisture content and temperature
as the most influential parameters. The main difference between
these models and the results presented here is the corrosion depth;
for concrete structures a corrosion depth of 0.01–0.05 mm is
needed for cracking to occur, while our results indicate that crack-
ing occurs at a corrosion depth of 0.2–0.8 mm for masonry. This
indicates that models from the concrete field should be adapted
to circumstances specific in masonry structures to be used for pre-
dicting corrosion damage.
The results in this study indicate that the moisture content and
the temperature in the walls are the main parameters influencing
corrosion of bed joint reinforcement and that correlation exists
between corrosion damage, expressed as corrosion depth, and
crack frequency in window beams. Today moisture content and
temperature in masonry walls are relatively easy to obtain through
measurements or hygro-thermal simulations using climate data.
Atmospheric relative humidity and temperature can thus be used
to estimate moisture content and temperature in the vicinity of
the reinforcement, an estimation that can be further improved if
the hygro-thermal simulations are able to handle driving rain. Con-
sequently, a future model to predict the development of the corro-
sion depth and related cracking could be based on moisture
content and temperature as main parameters.
The large scatter observed in the present investigation suggests
that including many parameters in a corrosion prediction model is
difficult and may not necessarily improve the model’s accuracy. An
attempt to find the time until cracking is associated with a large
number of uncertain parameters, all affecting the cracking and/or
corrosion process. For buildings constructed 40–60 years ago it is
difficult to obtain relevant construction plans and to find informa-
tion on e.g. reinforcement size, placement and properties, mortar
properties such as bond strength or resistivity, or to make judg-
ments on the actual performance of the construction works that
were carried out. This lack of information makes the inclusion of
such factors in the development of a corrosion model difficult ifthe model should be suitable to use as a basis for decisions con-
cerning retrofitting.
From a scientific perspective it is interesting to find what
parameters that are possible to include and if this may improve
the accuracy of the prediction. The corrosion process may also be
modelled with a higher detail level using advanced computer tools,
as has been done for reinforced concrete structures [25]. An
advanced corrosion model can be valuable for evaluating the influ-
ence of additional parameters, which can be of interest in specific
situations. Such advanced modelling has to be performed with care
though, since the prevailing uncertainties might influence the
results significantly.6. Conclusions
Corrosion related cracking in window beams in clay brick
masonry facades has been investigated by registration of crack fre-
quency by ocular inspection, followed by determination of the cor-
rosion depth in bed joint reinforcement collected from the survey
objects. Crack frequency was found to be correlated with the cor-
rosion depth and the number of reinforcement bars in the bed
joints. Crack frequency was further correlated to the orientation
of the walls and height above ground level from where the cor-
roded reinforcement bars were collected, showing that moisture
content and temperature in the vicinity of the embedded reinforce-
ment are two parameters significantly influencing the corrosion
process.
In faced single leaf brick walls, a threshold level of the corrosion
depth needed to initiate cracking was identified. This information
can be useful during decisions concerning intrusiveness of retrofit-
ting works. In brick veneers, crack frequency will approach 100%
after 4–5 decades for conditions prevailing in Southern Sweden.
This justifies removal of all corroded reinforcement during a
retrofit.
Although the results are associated with considerable uncer-
tainties, it is considered that a corrosion model able to predict
the temporal development of corrosion and the associated crack
formation would further improve the accuracy of retrofitting deci-
sions. A future model for masonry reinforcement corrosion can
possibly be based on existing reinforced concrete corrosion mod-
els, with moisture content and temperature in the vicinity of the
bed joint reinforcement as main parameters.Acknowledgements
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